The sensory thalamus is classically viewed as a relay station of sensory information to cortex, but recent studies suggest that it is sensitive to cognitive demands. There are, however, few experiments designed to test whether this is so. We addressed this problem by analyzing the responses of single neurons recorded in the somatosensory thalamus while trained monkeys reported a decision based on the comparison of two mechanical vibration frequencies applied sequentially to one fingertip. In this task, monkeys must hold the first stimulus frequency (f1) in working memory and compare it to the current sensory stimulus (f2) and must postpone the decision report until a cue triggers the decision motor report, i.e., whether f2 > f1 or f2 < f1. We found that thalamic somatosensory neurons encoded the stimulus frequency either in their periodicity and firing-rate responses, but only during the stimulus periods and not during the working memory and decision components of this task. Furthermore, correlation analysis between behavior and stimulus coding showed that only the firing rate modulations accounted for the overall psychophysical performance. However, these responses did not predict the animal's decision reports on individual trials. Moreover, the sensitivity to changes in stimulus frequency was similar when the monkeys performed the vibrotactile discrimination task and when they were not required to report discrimination. These results suggest that the somatosensory thalamus behaves as a relay station of sensory information to the cortex and that it is insensitive to the cognitive demands of the task used here. choice probability | neurometrics | psychophysics A bold, leading hypothesis in perceptual neuroscience is that the neural activity evoked in the brain by a sensory stimulus carries not only information about the stimulus features, but also additional processes associated with perception (1, 2). Indeed, recent studies combining psychophysical and neurophysiological experiments in behaving monkeys have provided insights into this problem using a vibrotactile discrimination task (3). Researchers observed that multiple areas of the cerebral cortex are engaged in this task (4). It was shown that the primary somatosensory cortex (S1) drives the secondary somatosensory cortex (S2), which in turn drives frontal lobe areas where past and current sensory information is combined, such that a comparison evolves into a behavioral decision (5-9).
The sensory thalamus is classically viewed as a relay station of sensory information to cortex, but recent studies suggest that it is sensitive to cognitive demands. There are, however, few experiments designed to test whether this is so. We addressed this problem by analyzing the responses of single neurons recorded in the somatosensory thalamus while trained monkeys reported a decision based on the comparison of two mechanical vibration frequencies applied sequentially to one fingertip. In this task, monkeys must hold the first stimulus frequency (f1) in working memory and compare it to the current sensory stimulus (f2) and must postpone the decision report until a cue triggers the decision motor report, i.e., whether f2 > f1 or f2 < f1. We found that thalamic somatosensory neurons encoded the stimulus frequency either in their periodicity and firing-rate responses, but only during the stimulus periods and not during the working memory and decision components of this task. Furthermore, correlation analysis between behavior and stimulus coding showed that only the firing rate modulations accounted for the overall psychophysical performance. However, these responses did not predict the animal's decision reports on individual trials. Moreover, the sensitivity to changes in stimulus frequency was similar when the monkeys performed the vibrotactile discrimination task and when they were not required to report discrimination. These results suggest that the somatosensory thalamus behaves as a relay station of sensory information to the cortex and that it is insensitive to the cognitive demands of the task used here. choice probability | neurometrics | psychophysics A bold, leading hypothesis in perceptual neuroscience is that the neural activity evoked in the brain by a sensory stimulus carries not only information about the stimulus features, but also additional processes associated with perception (1, 2) . Indeed, recent studies combining psychophysical and neurophysiological experiments in behaving monkeys have provided insights into this problem using a vibrotactile discrimination task (3) . Researchers observed that multiple areas of the cerebral cortex are engaged in this task (4) . It was shown that the primary somatosensory cortex (S1) drives the secondary somatosensory cortex (S2), which in turn drives frontal lobe areas where past and current sensory information is combined, such that a comparison evolves into a behavioral decision (5) (6) (7) (8) (9) .
Processing of the stimulus in this task arises from the evoked activity starting in the mechanical sensory receptors (10) and continuing up to the cortex (11) . The question is how relay stations-if that is what they are-of the sensory information between the receptors and cortex contribute to discrimination in this task. A key brain structure is the somatosensory thalamus, but its contribution in this task is unclear. It is not known, for example, how neurons in the ventral posterior lateral (VPL, the somatosensory thalamus) nucleus encode the vibrotactile stimuli and whether they correlate with the animal's discrimination performance. Also, it is not entirely clear whether the VPL is involved in working memory and decision making in this task. Anatomical studies have shown a complex association between the sensory thalamus and the cerebral cortex (12) and suggest that this could be the basis for the elaboration of perception, but the neurophysiological evidence is missing.
We addressed these problems by recording from single neurons in the VPL while trained monkeys discriminated the difference in frequency between two vibrotactile flutter stimuli (4). Monkeys were required to report whether the second stimulus frequency (f2) was higher or lower than the first stimulus frequency (f1). This cognitive operation requires that subjects compare information of f2 with a stored trace of f1 to form a decision, i.e., whether f2 > f1 or f2 < f1, and to report their perceptual sensory evaluation after a short, fixed delay period. This task allows studying stimulus coding (i.e., firing rate code or periodicity code) and its association with the animal's psychophysical performance, working memory, and decision motor report. We found that VPL neurons with either quickly adapting (QA) or slowly adapting (SA) responses modulate their firing rate and periodicity as functions of the stimulus frequency. However, only the firing rate and not the periodicity modulations correlated with the monkeys' probability of stimulus discrimination performance. In addition, we did not observe modulations in the firing rate or periodicity associated with the monkeys' working memory, perceptual judgments, or decision motor reports. Finally, the sensitivity to changes in stimulus frequency was similar during the psychophysical discrimination performance and when monkeys were not required to report stimulus discrimination. These results suggest that the primate somatosensory thalamus behaves as a relay station of sensory information to the cerebral cortex that is rather insensitive to cognitive task demands during this task.
Results
Two monkeys (Macaca mulatta) were trained to discriminate the difference in frequency between two consecutive mechanical flutter stimuli, f1 and f2, delivered to one fingertip (Fig. 1A ). Monkeys were asked to report discrimination after a fixed delay period of 3 s between the end of f2 and the cue that triggered the motor report [probe up (pu) in Fig. 1A ]. This delay period thus separates the comparison between the two stimuli from the motor response. In this task, monkeys must hold f1 in working memory, must compare the current sensory input f2 to the memory trace of f1, and must postpone the decision until the sensory cue triggers the motor report. Animals were trained to perform the task up to their psychophysical thresholds ( Fig. 1 B  and C) . After training, we recorded the activity of single VPL neurons (n = 61; 28 neurons in the right VPL of monkey A and 33 neurons in the right VPL of monkey B) with small cutaneous receptive fields confined to the glabrous skin of one fingertip. All VPL neurons were recorded contralaterally ( Fig. 1 D and E) to the stimulated fingertip using the stimulus set of Fig. 1B . In these trials, the comparison frequency (f2) can be judged as higher or lower than f1. Thus, the neuronal responses across trials can be analyzed as functions of f1, f2, f2-f1, or as functions of the monkey's two possible motor choices.
Responses of VPL Neurons During Vibrotactile Discrimination. Based on their firing-rate adaptation to the gentle skin indentation by the probe tip at the beginning of each trial [probe down (pd), Fig. 1A] , we classified the responses of VPL neurons as QA (n = 57, 93.4%) or SA (n = 4, 6.6%). QA neurons presented a transient increment in their firing rates after the probe touched the skin, but returned to their spontaneous rate within less than 200 ms, whereas SA neurons maintained the increased firing rates from pd until the probe was lifted off from the skin (pu). We noted that VPL neurons had significantly [Mann-Whitney test, P < 0.05 (13)] higher spontaneous firing rates (21.14 Hz ± 1.56 SEM, n = 61) in comparison with S1 neurons [16.1 Hz ± 0.95 SEM, n = 189 (4)] under the same task conditions. In addition, the response latency in QA and SA of VPL neurons was significantly shorter than S1 neurons [median 15.0 ms ± 0.54 SEM, n = 61 vs. 20.88 ms ± 0.96, n = 184 (4); P = 0.0005]. In all of the analyses described below, no notable differences between QA and SA populations were found.
We considered a neuron's response as task-related if, during any of the relevant periods (f1, delay between f1 and f2, f2, and delay between the end of f2 and pu), its mean firing rate was significantly different from a control period preceding the beginning of the pd of each trial [Wilcoxon rank-sum test, P < 0.05 (13) ]. We then measured the mean firing rate and periodicity for each task-related neuron's response during any of the relevant periods (Materials and Methods). Based on these measures, we found 33 (63.5%) neurons that encoded the stimulus frequency in both their firing rate and periodicity during the stimulus periods; 9 (17.3%) neurons encoded the stimulus frequency in their firing rate during the stimulus periods only; and 10 (19.2%) neurons encoded the stimulus frequency in their periodicity during the stimulus periods only. Typical responses of a QA sample VPL neuron during the vibrotactile discrimination task is illustrated in Fig. 2A . The mean firing rate of this neuron increased monotonically as a function of the stimulus frequency (second and fourth panels of Fig. 2B ; all neurons showed this type of modulation). Note that the firing rate was not modulated during the working memory and postponed-decision periods (third and fifth panels of Fig. 2B ). We also measured whether this neuron was modulated as a function of the periodicity of the . After a variable delay of 1-3 s, the probe oscillated vertically delivering a vibratory tactile stimulus (f1). After a delay of 3 s, the second stimulus was delivered (f2), and after another fixed delay of 3 s at the end of f2, the probe moved up (probe up, pu). This was the cue signal to remove the free hand from the key (key up, ku) to indicate whether f2 was f2 > f1 or f2 < f1 by pressing one of two response buttons (the lateral if f2 > f1 and the medial if f2 < f1). (B) In this graph each box indicates a (f1, f2) frequency pair used in the discrimination task. Each stimulus pair was randomly presented. Numbers inside each box indicate the overall percentage of correct trials for each stimulus pair (f1, f2). (C) Psychometric functions showing the probability that the monkey judged f2 > f1 or f2 < f1. Gray curve shows when f1 was maintained fixed at 22 Hz and f2 was variable; black curve shows when f2 was fixed at 22 Hz and f1 was variable. Each psychometric function was fitted with a logistic function. (D) Lateral view of the monkey's right hemisphere. The vertical line shows the location of a selected cut in the coronal plane shown in E. Recording site: VPL (shaded area) nucleus of the somatosensory thalamus. vibrotactile stimulus and found that periodicity changed systematically as function of the vibrotactile stimulus periods (second and fourth panels of Fig. 2C ).
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VPL Responses Covary with the Psychophysical Discrimination
Performance. Having quantified the responses of VPL neurons as a function of the stimulus frequency, we proceeded to determine whether these neural signals carry physiological information that might be associated with the psychophysical performance. For each neuron, we computed neurometric functions by using the firing-rate and periodicity values (Materials and Methods). We first focused our attention on those neurons that modulated their firing rate as a function of the stimulus frequency (n = 42, 80.8%). Fig. 3A shows the relationship between the psychometric and neurometric functions for a sample neuron. The neurometric threshold (3.84 Hz) computed from this neuron is slightly better than the animal's psychometric function (4.83 Hz); the psychometric/neurometric threshold ratio = 1.25. Fig. 3C shows the relationship between the mean psychometric (4.12 Hz) and mean neurometric (4.12 Hz) thresholds for the population of modulated firing-rate neurons; the geometric mean of the psychometric/neurometric threshold ratio = 1.05. We then focused our attention on those neurons that responded with periodic spike intervals as a function of the periodic stimulus input (n = 43, 82.7%). Fig. 2A shows the responses of the sample VPL neuron during the stimulus periods in which the monkey discriminated between stimulus pairs. The responses of this neuron matched the input stimulus frequencies (panels two and four of Fig. 2C) . The question is then whether in the periodic spike intervals a neural signal is to be found that matches the animal's psychophysical performance. Fig. 3B shows that the psychometric threshold (4.83 Hz) is higher than the neurometric threshold (0.07 Hz); the psychometric/neurometric threshold ratio = 69. Fig. 3D shows the distribution of the psychometric/neurometric threshold ratios (geometric mean = 11.75) over the population of periodic neurons. It is clear that, based on response periodicity, these neurons discriminate vibrotactile stimuli (mean neurometric threshold = 0.82 Hz) much better than the animals (mean psychometric threshold = 4.12 Hz). Thus, the neurometric thresholds based on periodicity are far lower than the psychometric thresholds, whereas neurometric thresholds based on firing rate match the psychometric thresholds.
Decoding Perceptual Discrimination in VPL. Although the above measures show that VPL neurons seem primarily modulated during the stimulus periods, we wanted to be sure of this encoding scheme. For example, that VPL neurons were exclusively modulated during the stimulus periods and not during the working memory and postdecision periods. This was made by modeling the firing-rate and periodicity values during the entire vibrotactile discrimination task as arbitrary linear functions of both f1 and f2, such that each neuron: r (t) = a1(t)f1 + a2(t)f2 + a3(t) (14) . In this formulation, r(t) represents firing rate or periodicity [p(t)] in time, and the coefficients a1 and a2 serve as direct measurements of the dependence on f1 and f2, respectively. These measures were calculated in sliding windows of 200 ms moving in steps of 50 ms. To illustrate this analysis, the resulting coefficients a1 and a2 for the VPL neurons are plotted in Fig. 4 A and B during different periods and as functions of time during the task. The magnitude and sign of the coefficients reveal the tuning properties of the neurons-i.e., their selectivity-in terms of the firing rate and periodicity (Fig.  4 A and B) . This applies to the full trial duration. Most of the neurons encode preferentially the vibrotactile stimulus frequency in both their firing rate (Fig. 4A) and periodicity (Fig. 4B) during the stimulation periods. Thus, VPL neurons encode exclusively the stimulus frequencies during the stimulus periods and not during the working memory and postponed decision components of this task.
VPL Responses Do Not Covary with Perceptual Discrimination
Reports. We also explored the possibility that VPL neurons predicted in their activities the animal's choice on a trial-by-trial basis (Materials and Methods). For this, we sorted the responses into hits and errors and calculated a choice probability index (4, 15) . This quantified for each stimulus pair (f1, f2) whether responses during error trials were different from their responses during correct trials. The result is shown in Fig. 4C , which plots the choice probability index as a function of time. None of the VPL neurons predicted in their activities the animal's choice, neither through firing rate nor through periodicity. Thus, the activity of VPL neurons during this task is not associated with the animals' choice.
Context-Dependent Responses of VPL Neurons. Finally, we compared the sensitivity of VPL neurons to changes in the stimulus frequency between a behavioral context in which monkeys actively reported stimulus discrimination to the condition in which they passively received the same stimuli and no report was required. Fig. 5 shows slopes values obtained from linear fits applied to the firing rate (Fig. 5A) and periodicity ( signed rank test, P > 0.05 (13)] were found among the slope distributions for the neuronal population using the firing-rate values (Fig. 5C , n = 38) or periodicity values (Fig. 5D , n = 33) obtained during active discrimination and passive stimulation.
Discussion
These experiments were specifically designed to address two unsolved problems in the somatosensory thalamus. The first experiment was to determine, in our laboratory task where the only relevant stimulus feature is temporal frequency, which attributes of the evoked neuronal activity are important for the monkeys' psychophysical behavior. This amounts to finding out what the neural code for the stimulus frequency and its functional impact on the subjects' psychophysical behavior is. We specifically examined the hypothesis that such a code is constructed by some neural mechanism that reads out the periodicity of the spike trains evoked in the VPL. We observed that the periodicity of spikes evoked by flutter vibrations was prominent and reliable in VPL neurons. However, we could not determine with certainty whether periodicity plays a significant functional role. What we did find, instead, is evidence that firing rate plays a significant role in encoding flutter frequency during this task. The second experiment was to define whether the VPL is involved in decision making in this task. Our results suggest that the somatosensory thalamus is not engaged in the working memory and decision components of the task used here. We discuss these issues below.
A previous study contemplated a code of flutter frequency based exclusively on periodicity (16) . We found that VPL neurons encoded the periodic mechanical stimulus frequency both in the periodicity and in the firing-rate responses. Such a double representation of the stimulus frequency allows asking which of the two signals is actually used by the animals for discrimination in this task. The results point toward a neural code for stimulus frequency based on firing-rate modulations, rather than on spike train modulations in periodicity. The analysis revealed that the neurometric thresholds computed by using the periodic spike intervals are far lower than the psychometric thresholds. In contrast, neurometric thresholds based on firing rate are closely associated with the psychometric thresholds. However, stimulus amplitude could potentially act as an alternate discrimination signal. In this, and in previous studies, the stimulus amplitudes were adjusted to equal subjective intensities (16, 17) . Large variations in the stimulus amplitudes between f1 and f2 do not affect discrimination performance (18) . It is interesting to note that the neurons in S2 show rate increases similar to VPL and S1, but for other units the firing rate decreases monotonically as a function of the stimulus frequency (5). It has been proposed that separate responses that increase and decrease with a stimulus feature seem to be an essential component of this task, at least in part, to optimize perceptual performance (9) . Contrary to S1 (5, 11) , most QA and SA neurons showed similar response properties during the discrimination task. However, more QA neurons were recorded in the VPL than SA neurons. We have no further explanation for this fact. One possible explanation is the sampling recording bias. However, for every neuron recorded in the VPL with a cutaneous receptive field, we determined whether it had a QA or an SA response. Other possibilities are that QA and SA neurons had a distinct modular organization location within the VPL and that we missed the SA modules during recordings. This seems unlikely. Further experiments are needed to establish the submodality encoding of the flutter stimulus in the VPL.
Although not conclusive in terms of the specific questions that we pursued, the experiments revealed a number of interesting facts about the timing of evoked spikes in the VPL, compared with the somatosensory cortices. First, periodicity was extremely high in VPL, and presumably it is even higher in primary afferents (10), but periodicity diminished appreciably from areas 3b to 1 of S1 and almost vanished in the S2 (5), suggesting that it is limited to VPL and S1. In view of this and of the presence of significant rate modulations already at the level of VPL, the question that arises is whether the strikingly regular temporal structure of spikes is somehow exploited independently from variations in mean firing rate to compute or encode stimulus frequency. The second finding regarding timing was that the degree of periodicity in VPL was not affected by the behavioral relevance of the stimuli. Third, we observed no relationship between variations in periodicity and psychophysical performance in single trials. This suggests that firing rate may have a larger weight in determining the neural code for stimulus frequency than the periodic alignment of the spikes. Thus, it is likely that in the VPL a transformation is already occurring of the temporal coding of the stimulus frequency into a firing-rate code, which is then used by downstream structures, as shown before (5-9, 17). Interestingly, similar results have been reported in the rodent somatosensory thalamus for somatosensory stimuli (19) and in the primate auditory thalamus for acoustic flutter (20), but not in their respective input stations. However, one key question in the discrimination task is how neurons postsynaptic to VPL integrate their incoming inputs. Indeed, neurons in S1 encode the temporal structure similarly as VPL. For S1, it has been shown that synchronous thalamic inputs into a neuron are necessary to trigger action potentials (21, 22) , but nonsynchronous inputs cannot be discarded. Further experiments involving the simultaneous recordings of several VPL neurons and S1 neurons sharing the same receptive fields during the discrimination task may provide an answer to this problem.
Our results show that VPL neurons are not associated with the working memory of this task, as observed in S1 cortex under the same experimental conditions (4). Thus, our results point toward the idea that circuits associated with this cognitive function are located downstream from VPL and S1. Indeed, some cortical circuits downstream from VPL and S1 encode information of the stimulus frequency during the working memory component of this task (6) (7) (8) (9) . We also tried to determine whether thalamic somatosensory neurons are associated with the decision report or some modulation depending on the behavioral task context (23, 24) . However, we did not find differences between performance and when animals were not required to indicate discrimination or detection (25) . Also, we found no differences between correct and error trials in our discrimination task, and no differences during correct rejection and false alarm trials in a detection task (25) . Thus, the neural activity of VPL neurons is mainly associated with the representation of the stimulus features and not with the animals' decision reports. These results are similar to those observed in the lateral geniculate nucleus during a perceptual awareness task (26) . Our results also contrast with previous observations suggesting that neurons in the sensory thalamus are influenced by modulatory inputs depending on attention (27) . Consistent with our results is the fact that neurons from cortical areas associated with sensory evaluation during a discrimination task stop encoding information about the stimuli during passive stimulation (4) .
Based on the results reported here, we conclude that the somatosensory thalamus behaves as a relay station of sensory information to the cortex that is rather insensitive to additional cognitive components of the task used here. We think that such cognitive components as working memory and decision making develop in circuits downstream from the somatosensory thalamus, as reported before for this task (3).
Materials and Methods
Discrimination Task. The discrimination task used here has already been described (4). Two monkeys were handled according to the institutional standards of the National Institutes of Health and Society for Neuroscience. Protocols were approved by the Institutional Animal Care and Use Committee of the Instituto de Fisiología Celular.
Passive Stimulation. The same set of stimuli were delivered to the fingertip, but discrimination was restricted by removing the key and the interrupt target switches. Thus, the animal remained alert by being rewarded with drops of liquid at different times, but was no longer using the stimuli to indicate discrimination with the free hand/arm.
Recording Sessions and Sites. Neuronal recordings were obtained with an array of seven independent, movable microelectrodes [2-3 MΩ (4)] inserted into S1, medial to the hand representation in such a way that allowed us to lower the microelectrodes into the VPL (Fig. 1 D and E) . This maximized the probability of mapping the hand area in the VPL. Only one neuron was recorded during each recording session because of the finger representation in the VPL. Recordings were performed contralateral to the stimulated hand. Each recording began with a mapping session to find the cutaneous representation of the fingertips. Neurons from the VPL had small cutaneous receptive fields with QA or SA properties. Locations of the electrode penetrations in the VPL were confirmed with standard histological techniques.
Data Analysis. For each neuron studied during the discrimination task, off-line analysis was done by using custom and MATLAB software (Mathworks), according to two criteria. First, for each trial, we calculated the mean firing rate over the stimulus periods, including some other task components (Fig. 2B) . Second, we devised a measure that quantified the capacity of the neurons to represent the periodicity of the stimulus. For each trial, the power spectrum of the spike train evoked during the stimulus period was computed (fast Fourier transform, n = 2 16 ; sampling frequency, 10 KHz; resolution, 0.15 Hz; range, 6-100 Hz) (5, 28) . As an estimate of the periodicity, we calculated the median frequency around the peak power frequency, weighted according to the power of each frequency. The frequencies used for this measure were limited to those within a factor of 1.8 of the peak frequency (to avoid contamination by harmonics) and to frequencies with a power greater than 15% of the peak power (to avoid noise). The mean frequency calculated in this way was considered a quantitative measure of the periodicity evoked in VPL neurons by the periodic mechanical stimuli. For each stimulus frequency, we computed the mean ± SD of both firing rate and periodicity over all trials with that stimulus frequency. For further analysis, we selected those neurons that had the best linear fit (χ 2 , Q > 0.05) of the firing rate and/or periodicity values as a function of the stimulus frequency (28) . We also required the slope of this linear fit to be significantly different from zero (permutation test, n = 1,000; P < 0.05) (29) . The discrimination task requires the comparison of f2 against f1. We observed that both QA and SA neurons of VPL provide a reliable representation of the two stimulus frequencies. We then determined that an observer (a central area to VPL) could distinguish the difference between f1 and f2. This could be based on a comparison of the neuronal response distributions of f2 made against f1. According to this, the observer could use a simple rule: if the number of spikes during f2 is higher than during f1, then f2 is higher than f1. The same rule can be used when considering the periodicity values: if the periodicity values during f2 are higher than during f1, then f2 is higher than f1. This rule can be tested by determining the area under the receiver operating characteristic curve (ROC) generated by the neuronal response distributions for each pair of stimulus frequencies, using both firing rate and periodicity values (30) . In pairs of stimulus frequencies in which the neuronal distributions of f2 are higher than the neuronal distributions of f1, ROC values are close to 1; if the neuronal response distributions of f2 are much lower than the response distributions of f1, ROC values are close to 0; for overlapping distributions, intermediate ROC values are found (0.5). The ROC values were then used to compute neurometric functions. Psychophysical and neuronal discrimination threshold values were calculated as half of the difference between the stimulus frequency identified as higher than the base in 75% of the trials and the frequency identified as higher in 25% of the trials (11) . These were obtained directly from the logistic functions (Boltzmann's equation in terms of Hz).
The dependence on f1 and f2 was quantified through multivariate regression analysis (14) . After finding the best-fit coefficients a1 and a2, differences between fitted and measured responses to the individual (f1, f2) stimulus pairs were calculated, resulting in a full 2D covariance matrix of errors (28) . Coefficients were considered significantly different from (0, 0) if they were more than 2 SD away for each dimension. Neuronal responses were defined unambiguously as dependent on either f1 or f2 if the coefficients of the planar fit were within 2 SD of either the a2 = 0 or the a1 = 0 lines; responses were considered dependent on f2 − f1 if the coefficients were more than 2 SD away from these two lines and within 2 SD of the a2 = −a1 line. The dynamics of these coefficients was analyzed using a sliding window of 200 ms of duration moving in steps of 50 ms. We did not include neuronal responses with R 2 = < 0.5. The response latency was defined as the first bin in which the firing rate reached a value equivalent to the mean prestimulus firing rate plus 2 SDs. In addition, the next two consecutive bins were required to have a significantly higher firing rate than the first bin (4). To calculate the mean firing rate, a peristimulus time histogram was constructed containing activity 500 ms before and 500 ms after stimulus onset, using a bin size of 1 ms and a Gausssian filter with a 10-ms span for smoothing.
The choice probability index was calculated using methods from signal detection theory (30) . This quantity measures the overlap between two response distributions, in this case between the correct and the error trials for each (f1, f2) pair. We restricted the analysis to those (f1, f2) pairs for which the animals had between 30% and 70% of errors. Note that a value of 0.5 indicates full overlap and a value of 1 indicates completely separate distributions. Thus, the choice probability index quantifies selectivity for one or the other outcome of the discrimination process. To compute the index at different times, we used a sliding window of 200 ms of duration moving in 50-ms steps, beginning 1,000 ms before f1 and ending 1,000 ms after the animal reported the comparison between f2 and f1. To establish the significance of the choice probability values, the neuronal responses in each time window were shuffled, such that correct and error trials were randomized, and new choice probability indices for the shuffled data were generated [permutation test, n = 1,000; P < 0.01 (29) ]. By comparing the indices from the shuffled and unshuffled data and repeating the process 1,000 times, we estimated the probability of obtaining choice probability values as large or larger than those observed initially (with the unshuffled data) just by chance. The mean choice probability in the population was obtained by pooling the choice values across neurons in bin windows of 50 ms. The significance of the deviation of each value from chance (0.5) was checked with the bootstrap hypothesis test. No significant choice probability value fell outside of the 99% confidence interval based on bootstrap methods (shaded region in Fig. 4C ).
